Blister-actuated laser-induced forward transfer ͑BA-LIFT͒ is a versatile, direct-write process capable of printing high-resolution patterns from a variety of sensitive donor materials without damage to their functionality. In this work, we use time-resolved imaging to study the laser-induced formation of blisters on polyimide films in order to understand and optimize their role in BA-LIFT. We find that the initial blister expansion occurs very rapidly ͑Ͻ100 ns͒, followed by a brief oscillation ͑100-500 ns͒, and then a longer time contraction to steady-state dimensions ͑0.5-50 s͒. This behavior is explained by kinetic and thermal effects that occur during the process. We further probe the influence of polyimide thickness, laser beam diameter, and laser fluence on blister formation characteristics. Results indicate that the presence of a thin layer of donor material on the polyimide surface does not have a significant effect on the size and shape of the blisters which form.
I. INTRODUCTION
Laser-induced forward transfer ͑LIFT͒ is a noncontact, direct-write technique enabling high-resolution patterns to be printed without the use of masks, stamps, or molds.
1,2 In LIFT, the material to be printed is coated as a thin donor film ͑100 nm-10 m͒ onto the bottom surface of a glass support substrate and held in proximity above a receiver substrate. A pulsed laser is then focused through the glass, into the donor film, initiating the transfer of a small mass of material onto a confined region of the receiver surface. By scanning the laser beam or translating the donor and receiver substrates, complex patterns can be written in two and three dimensions. 3 The LIFT technique was originally demonstrated by printing from solid films. [4] [5] [6] [7] However, transfers from solid films require ablation and film fragmentation 8 or melting. 9 In order to handle a broader range of functional materials, fluid inks have been used. 3, 10 For example, solid inorganic materials may be suspended in a liquid [11] [12] [13] or polymers dissolved in a solvent [14] [15] [16] to form an ink which is spread to a thin film. LIFT is compatible with a wide range of ink rheologies and can support printing of multiphase and multicomponent material systems. This versatility has enabled the fabrication of a diverse array of devices including energy conversion and storage components, 12, [17] [18] [19] solar cells, 20 organic light emitting diodes, 21 and chemical and biological sensors. 15, [22] [23] [24] In order to shield the donor from direct laser irradiation and facilitate transfers of materials that are transparent to the laser wavelength, sacrificial absorbing layers, referred to as dynamic release layers ͑DRLs͒, are often deposited onto the glass before the donor is coated. 25 The laser absorption, rapid heating, and vaporization are then largely confined to the DRL, which propels the donor material toward the receiver. For example, thin metal or polymer film DRLs have been used to successfully print biological molecules, 23, 26 organic electronics, 21 and even living cells. [27] [28] [29] However, it is possible for hot vapors or fragments of the DRL to mix with the ink leading to contamination, or in some cases, damage to the transferred material. 16, 30 Recent work has shown that using a thick ͑several microns͒ polyimide film absorbing layer enables damage free transfers of sensitive inks without any incidental transfer of the polyimide. 16, 31 The mechanism for transfer using a thick polyimide film absorbing layer involves the formation of a sealed blister on the film surface ͓inset in Fig. 1͑a͔͒ , which mechanically ejects the ink in a process we call blister-actuated laserinduced forward transfer ͑BA-LIFT͒. Due to the shallow absorption depth of polyimide ͓͑0.2-0.5 m in the UV ͑Ref. 32͔͒, the laser is completely absorbed within a fraction of the overall film thickness. This results in a confined pocket of ablated material that forces the remaining intact film away from the glass as a rapidly expanding blister. At low laser fluences, the blisters remain sealed and the ink is mechanically ejected without exposure to the incident laser or the ablated polyimide. 31 Additionally, the low thermal diffusivity of polyimide prevents significant heating of the ink in contact with the exterior of the blister. 16 This allows transfers of delicate inks without thermal damage or contamination. The size, shape, and velocity of the expanding blister dictate the impulse placed on the ink and its ejection characteristics. Therefore understanding how experimental conditions affect blister growth could enable optimized printing characteristics, such as smaller droplets or better control of dispensed volumes.
Blister formation in thin films has long been studied as a means for measuring adhesion energy. 33, 34 In a conventional "blister test," a predelaminated region of the film is inflated by a hydrostatic pressure that is slowly increased until adhesion failure occurs. Analytical and finite element models have been developed to simulate the equilibrium displace- ments and stresses present in blisters subjected to a constant pressure. 35, 36 However, these models do not capture the dynamic aspects of blister growth that are relevant to the case of a rapidly expanding laser-generated blister. Additionally, complications due to nonlinear absorption in the film, 37 absorption and reflection from the confined ablation plume and plasma, 38 and temperature dependent material properties make it difficult to accurately model the laser ablation, heat transport, and subsequent film deformation. Therefore direct experimental observation is crucial in understanding the dynamic aspects of blister formation.
In this work, we use time-resolved optical microscopy to study the dynamic growth of laser-induced blisters formed on polyimide films to elucidate their role in BA-LIFT. We characterize their dependence on film thickness and laser parameters, such as spot size and fluence. Results from blisters formed in the presence of an ink layer are compared to those formed without ink showing that the feedback from the ink does not have a significant effect on the blister formation. Time-resolved images of the ejection of a liquid donor material are also presented to visualize the transfer mechanism and determine the influence of blister characteristics on ink ejection dynamics.
II. METHODS
The polymer film absorbing layers are prepared as in previous studies 16 , 31 by spin coating polyimide resin ͑HD Microsystems PI2525͒ onto glass microscope slides at 500 rpm for 10 s followed by a high-speed spin at either 3000 or 7000 rpm for 40 s. The slides are subsequently soft baked at 120°C for 30 min and hard baked at 350°C for 30 min to complete the imidization process and drive off any remaining solvents. This yields 6 and 3.5 m thick polyimide layers for the films spun at 3000 and 7000 rpm, respectively. The polyimide coated slides are placed in a configuration similar to that of a forward-transfer experiment except that no ink is applied in order to directly observe the expansion of the blisters by time-resolved optical microscopy. Blister formation and expansion are initiated by focusing a pulse from a frequency-tripled Nd: YVO 4 laser ͑ = 355 nm and =20 ns͒ onto the back surface of the polyimide film ͓inset in Fig. 1͑a͔͒ . A top hat beam profile is achieved by projecting the reduced image of a pinhole onto the back polyimide surface with a 10ϫ microscope objective ͑numerical aperture of 0.25͒. Both the pinhole and a charge coupled device ͑CCD͒ array are positioned approximately 160 mm from the objective with slight variations in their respective distances to correct for dispersions in the system. This ensures that a focused visible image of the polyimide sample on the CCD will coincide with a focused UV image of the pinhole on the polyimide surface. A microscope beam profiler is used to fine tune the pinhole position and to verify the dimensions of the beam profile. The profiler images ͓Figs. 1͑b͒ and 1͑c͔͒ indicate that the system produces relatively well defined circular top hat profiles with only slight rippling and hot spots due to multiple reflections in the glass slide and objective. Two different pinhole sizes are used producing approximately 10 and 20 m diameter top hat beams. Laser pulse energy incident on the polyimide film is measured with an energy meter by replacing the sample with an uncoated glass slide to account for absorption and reflection from the glass. Shot-toshot variations in the energies are estimated from a sample of 1000 pulses taken at each setting.
Images of the blisters are captured from the side with a microscope and CCD. Time-resolved images are acquired by strobing with a = 25 ns plasma discharge lamp ͑HSPS Nanolite͒ at various delays after the UV laser pulse enabling a stop-action sequence of the blister expansion to be pieced together. A steady-state image of each blister is also taken 1 s after the laser pulse. Therefore, values extracted from each time-resolved image can be normalized against those from its equilibrium image in order to mitigate scatter in the data due to nonuniformity in the polyimide film and shot-to-shot variation in laser energy. The blister images are processed with a custom MATLAB program that extracts profiles of the outer blister surfaces to obtain blister height and width. Blister volume and exterior surface area are also calculated from the images by assuming axisymmetric rotations of the exterior profiles.
Direct time-resolved observation of blister expansion during an actual forward transfer is not possible due to obscuring of the blister by the ink. Instead, the influence of the ink on blister formation must be inferred from steady-state images of the blisters taken after the ink is removed. A model ink system of N-methyl-2-pyrrolidone ͑NMP͒ is spread to a 10 m film on the polyimide surface using a wirecoater 
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͑Gardner No. 6͒. Blister formation is initiated by the laser resulting in forward transfer of the ink. The polyimide film is then washed in ethanol to remove the residual ink and the blisters are imaged from the side.
III. RESULTS AND DISCUSSION

A. Time response of blister expansion
Results are shown in Fig. 2 for blisters formed on a 3.5 m polyimide film from a single pulse of a 20 m top hat beam at 2.6 J / cm 2 . The fluence is chosen just below the threshold for blister rupture allowing the largest and most rapidly expanding intact blisters possible to form. Blister volume and surface area, displayed as a fraction of their equilibrium value, are shown plotted against logarithmic time in order to capture the initial expansion followed by a longer time scale contraction. Representative images of the blisters at various stages of expansion are also shown.
Blister expansion is initiated by the confined ablation of polyimide at the glass interface. This leads to a pocket of high-pressure and high-temperature gaseous ablation products, which force the remaining intact film material away from the glass as a rapidly expanding blister. The white flashes that appear at the center of the blisters are present even in unstrobed images and are an artifact from laserinduced plasma formed during the ablation of the polyimide. 38 At early times, the expansion of the blister is so rapid that the motion is slightly blurred due to the 25 ns exposure time of the Nanolite. As the blister expands, stresses in the film begin to build and the internal pressure drops due to the increasing blister volume and quenching of energetic gas particles that collide with the walls. Energy is also dissipated in plastically deforming the polyimide, in further delaminating the film from the glass, and in accelerating the adjacent air. When the internal pressure can no longer overcome these forces, acceleration of the film ceases. However, momentum from the rapidly moving central region of the blister causes it to overshoot this equilibrium position.
The blister reaches the apex of its expansion ͑50-100 ns͒, forming a pointed conical shape, and then begins to spring back. As the central region collapses, the internal pressure forces the sides of the blister to bow out and by ϳ150 ns it takes on a blunted shape. By ϳ500 ns, this oscillation is fully damped and the blister becomes more uniformly rounded. This initial period of rapid blister expansion is responsible for the ejection of ink during a forward transfer.
Similar results from blisters formed on 6 m film with both a 20 m beam at 4.3 J / cm 2 ͑Fig. 3͒ and a 10 m beam at 3.7 J / cm 2 ͑Fig. 4͒ are presented in order to illustrate the effects of film thickness and beam size on the blister expansion dynamics. Once again, the fluence is chosen just below the threshold for rupture allowing the largest and most rapidly expanding intact blisters possible for each case. The initial expansion velocities, obtained from 
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blisters formed on the 6 m film with both beam sizes are significantly slower ͑ϳ400-500 m / s͒ than those on the 3.5 m film ͑ϳ800-1200 m / s͒ despite higher fluences being used. The overshoot and oscillation of the blister heights are also much less pronounced on the thicker film. This is due to the motion being slowed by the greater mass of material and the increased resistance to stretching and bending of the thicker film. This suggests that film thickness should affect the ink ejection characteristics, such as velocity and angular spread during forward transfer. The initial period of rapid expansion and oscillation ͑Ͻ500 ns͒ is followed by a gradual contraction of blister volume, surface area, and height continuing for ϳ50 s. This contraction can be attributed to a further reduction in pressure caused by cooling of the trapped gas. A simple onedimensional thermal model can be used to verify that this time scale is consistent with cooling due to thermal conduction into the glass and polyimide film. The blister is modeled as a 20 m slab of gas, initially at an elevated temperature T H , sandwiched between a semi-infinite domain of glass and a 3 m layer of polyimide film, in contact with a semiinfinite domain of air, each at an initial temperature T C ͓Fig. 6͑a͔͒. The gas density can be approximated by assuming that the experimentally measured blister volumes are filled with a mass of vapor equal to the estimated mass of ablated polyimide. A lower bound on the ablated mass is used 39 to account for any plume attenuation effects 40 or the possibility of condensed ablated fragments. The exact composition of the gas is unknown, however the predominant species formed during polyimide ablation are H 2 O, CO 2 , and CO. 32 Therefore thermal properties for the gas are chosen within the range exhibited by these components. Material properties used in the simulation are summarized in Table I .
The one dimensional heat equation,
is solved numerically in MATLAB for the conditions summarized in Table I and Fig. 6͑a͒ to obtain temperature profiles as a function of time. Figure 6͑b͒ shows the resulting gas temperature averaged over the gas domain as a function of logarithmic time. The thermal decay time is comparable to the experimentally observed blister contraction time indicating that cooling is a plausible mechanism for the observed behavior. Further blister contraction due to permeation of the trapped gases occurs over much longer time scales ͑minutes to hours͒.
41,42
B. Blister size
Blister size is an important factor in determining the amount of ink material ejected during forward transfer. Therefore it is necessary to understand how blister dimensions depend on experimental parameters such as film thickness, laser beam diameter, and fluence. Additionally, probing these dependencies gives insight into the forces responsible for shaping the blisters during their growth. Steady-state ͑Ͼ1 s͒ blister height ͑Fig. 7͒ and width ͑Fig. 8͒ are shown plotted against laser fluence for different combinations of film thickness and beam size. The data include blisters formed on both 3.5 and 6 m thick polyimide film with a 20 m beam and blisters formed on 6 m film with a 10 m beam. Sample images also include blisters formed at several fluences from each case ͑Fig. 9͒.
The films exhibit a threshold fluence, above the ablation threshold of polyimide ͑0.1 J / cm 2 ͒, 39 for an observable deformation to form on the surface. At this threshold, ablation of polyimide at the glass interface produces a delaminated region of film, defined by the beam diameter, which becomes slightly displaced from the glass. Blisters formed at low fluences with the 10 m beam have widths that are noticeably smaller than the nominal beam diameter. However, this is likely an artifact due to the beam not being an ideal top hat 6 . ͑Color online͒ ͑a͒ One-dimensional thermal model for the cooling of hot gas trapped in a blister. ͑b͒ Numerical simulation results for the decay of gas temperature ͑averaged over the gas domain͒ vs logarithmic time.
Time (ns)
Blister
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and only the more intense central region, identifiable in the beam image ͓Fig. 1͑b͔͒, exceeds the requisite threshold.
Raising the laser fluence results in a greater mass of polyimide, which is vaporized from the glass interface and increases the temperature of the trapped gaseous ablation products. 39, 43 This provides greater energy stored in the highpressure gas pocket to be dissipated in delaminating more film and producing larger blister deformations. Therefore both blister height and width increase monotonically with fluence ͑Figs. 7 and 8͒. At constant fluence, increasing the laser beam diameter produces a larger area over which the polyimide is vaporized and therefore results in larger blister dimensions. For the 6 m film, increasing the beam diameter from 10 to 20 m results in blister heights that approximately doubled ͑Fig. 7͒. Additionally, for the 20 m beam, it is clear that the thicker film requires higher fluences to achieve the same dimensions as blisters formed on the thinner film ͑Figs. 7 and 8͒. Adhesion energy is independent of film thickness, therefore this difference appears to be due to the greater energy required to stretch and bend the thicker film.
The shape of the blisters reflects the relative contributions from the stretching versus bending stresses ͑Fig. 9͒. When blister dimensions are small relative to the film thickness, bending stresses dominate and the blister takes on a pointed shape with a concentration of curvature at its center. This is most evident in blisters formed on 6 m film with a 10 m beam. As blister dimensions become large relative to the film thickness, a transition from bending to stretching in the film occurs. 35 Additionally, plastic deformation in the film tends to neutralize bending stresses. This results in blister shapes that conform to a spherical cap geometry consistent with a thin membrane under pure stretching. 35 This is most evident in blisters formed on the 3.5 m film with the 20 m beam.
Beyond a critical fluence, stresses in the film become too great and blister rupture occurs. Fracture of the blister is initiated by cracks that form at its center and propagate radially, causing the blister to open like a flower. The occurrence of rupture is in contrast to the behavior of blisters that form in response to a slowly increasing hydrostatic pressure, such as during a standard blister test. In such cases, if the film is strong enough to sustain any initial delamination without rupture, it will proceed until the pressure is reduced or the entire film has delaminated. 44 However, the occurrence of partial delamination and then rupture appears to be a consequence of the dynamic nature of the applied pressure and significant thinning of the film due to ablation and large scale plastic deformation, which becomes more significant as the fluence is increased. For instance, the single-pulse ablation depth of polyimide at 2.6 J / cm 2 , corresponding to the rupture threshold fluence for blisters formed on 3.5 m film, is approximately 2 m representing a significant reduction in the overall film thickness. 39 Blister rupture is an undesired event during forward transfer because it can release hot gases and polyimide fragments, which may cause thermal damage or contamination to the ink. Therefore larger beam diameters offer some advantage in allowing a wider range of blister sizes to form without rupture.
The objective in studying the laser-induced formation of blisters is to understand and optimize their role in the ejec- tion of ink during BA-LIFT. The results presented thus far have been for blisters formed without an ink layer so that their formation dynamics could be directly observed. However, feedback from the ink during a forward transfer may alter these dynamics by providing additional inertial resistance and enhanced cooling. To determine the extent of this influence, steady-state images of blisters formed without an ink layer are compared to those formed during forward transfer of an ink. The images are acquired after the blisters are cleaned of any residual ink to provide an unobstructed view. Figure 10 shows steady-state blister volumes as a function of fluence for blisters formed on 6 m film with a 20 m beam without an ink layer and those formed under a 10 m film of a model ink system ͑NMP͒. Both curves overlap significantly indicating that the presence of an ink layer of this thickness does not have a significant effect on the steadystate sizes of the blisters. Sample images demonstrate that the blister shape is also not significantly affected. Time-resolved images are also acquired during the forward transfer of ink in order to visualize the ejection process and determine the influence of blister formation conditions on ink ejection dynamics. Once again, a 10 m film of NMP is spread on a 6 m polyimide film and transfers are initiated with pulses from a 20 m beam at low ͑1.3 J / cm 2 ͒ and high ͑3.6 J / cm 2 ͒ fluences. Figure 11 shows representa- tive images at selected times during the transfers. A steadystate image of the polyimide blister, rinsed of residual ink, is also included for reference. As a blister rapidly expands, it accelerates the ink directly below it. After the blister expansion has stopped, this region of ink continues to move downward due to its momentum. However, surface energy prevents it from detaching from the polyimide surface and the surrounding ink film. Therefore, to sustain its descent, it must continuously draw ink from the surrounding film. This leads to the formation of a long coherent jet. Long thin jets have also been observed in laser transfers of liquids using thin metallic film absorbing layers. 45 The ink ejection continues over a much longer time scale ͑ϳ40 s͒ than that of the initial blister expansion ͑Ͻ500 ns͒. As the jet pulls more ink from the surrounding film, its initial momentum becomes distributed over a larger mass of fluid. Viscous dissipation and surface tension also act to slow the advancement of the jet. Eventually it detaches from the polyimide surface and furthers breaks up into spherical droplets due to the Rayleigh-Plateau instability. 46 At low fluence ͓Fig. 11͑a͔͒, the initial ink velocity is relatively low ͑ϳ30 m / s͒ resulting in a very uniform jet which sheds droplets from its tip. Figure 11͑a͒ demonstrates that ink transfers can be achieved with relatively small blister deformations. At higher fluence ͓Fig. 11͑b͔͒, the blister expands more rapidly and to larger dimensions. This provides greater velocity ͑ϳ300 m / s͒ to a larger area of ink in direct contact with the blister. This leads to a larger, higher velocity jet which appears more unstable than that formed at low fluence. This instability may result in pieces of the jet that break off and are deposited as satellite droplets on the receiver substrate.
IV. CONCLUSIONS
In summary, we present results on the dynamic formation of laser-induced blisters on polyimide films. The initial blister expansion occurs very rapidly with a velocity that depends on the polyimide film thickness and laser fluence. At the apex of its expansion ͑ϳ100 ns͒, the blister takes on a pointed conical shape and then partially springs back and oscillates. This initial period of rapid expansion is responsible for the ejection of ink during BA-LIFT. This is then followed by a longer time scale contraction ͑ϳ0.5-50 s͒ of blister volume, which can be attributed to cooling of the gas trapped in the blister. Several aspects of the blister dynamics, such as the velocity and the extent of overshoot and oscillation, are influenced by film thickness, indicating the potential for control of ink ejection characteristics such as velocity and angular spread of the ink during forward transfer. The results also indicate a strong dependence of blister size and shape on film thickness, laser beam diameter, and fluence, demonstrating a potential for optimization of the BA-LIFT process through the appropriate choice of these parameters. For instance, if the smallest volumes of material are to be transferred, then a small beam size should be chosen. However, if flexibility in the range of ink volumes that can be transferred without blister rupture is a priority, then a larger beam may be desired. Finally, results for blisters formed under a thin ink layer indicate that feedback from the ink during the expansion does not have a significant effect on the resulting blister size and shape. This work was supported in part by the National Science Foundation and the Air Force Office of Scientific Research. 
